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Abstract 

A  nano  porous  vanadium  oxide  (V2O5)  was  prepared  by  sol-gel  method.  The  preparation  involved  elutriation  of  aqueous  sodium  meta 
vanadate  over  a  cation  exchange  resin.  The  product  was  characterized  using  X-ray  diffraction,  scanning  electron  microscopy,  energy  dispersive 
spectroscopy,  surface  area  analysis  and  thermogravimetric  analysis.  Electrochemical  characterization  was  done  using  cyclic  voltammetry  in 
a  three  electrode  system  consisting  of  a  saturated  calomel  electrode  as  reference  electrode,  platinum  mesh  as  a  counter  electrode,  and  V2O5 
mounted  on  Ti  mesh  as  the  working  electrode.  Two  molars  of  aqueous  KC1,  NaCl  and  LiCl  were  used  as  electrolytes.  A  maximum  capacitance 
of  214  F  g_1  was  obtained  at  a  scan  rate  of  5  mV  s-1  in  2  M  KC1.  The  effect  of  different  electrolytes  and  the  effect  of  concentration  of  KC1  on 
the  specific  capacitance  of  V2Os  were  studied.  Specific  capacitance  faded  rapidly  over  100  cycles  in  2M  KC1  at  a  5  mV  s_1  scan  rate. 
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1.  Introduction 

Electrochemical  capacitors  (ECs)  are  charge  storage 
devices.  ECs  stand  in  between  batteries  and  conventional 
capacitors  in  terms  of  energy  density.  They  are  being  used  in 
back-up  memory  applications  for  many  electronic  devices.  A 
promising  future  application  of  this  electrochemical  device 
is  in  hybrid  electric  vehicles  in  conjunction  with  a  battery 
or  fuel  cell.  In  such  a  combination,  the  role  of  the  EC  is  to 
provide  peak  power  during  starting  and  up  hill  driving.  As 
a  result  there  is  high  requirement  for  high  power  density 
ECs.  Pseudocapacitors  are  one  of  the  classifications  of  elec¬ 
trochemical  capacitors  and  are  being  investigated  for  high 
power  applications  [1-10].  An  electrode  material,  which  is 
economic,  porous  and  can  exist  in  several  oxidation  states, 
is  preferred  for  high  power  density  applications.  A  highly 
porous  material  can  utilize  the  electrolyte  effectively  at  high 
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power  requirements  and  can  be  charged  and  discharged 
quickly.  One  of  the  easiest  ways  of  making  such  an  electrode 
material  is  by  the  sol-gel  method.  The  sol-gel  method  has 
several  advantages.  Transition  metal  oxide  powders  can  be 
prepared  in  homogenous,  highly  porous  and  high  purity 
form  and  with  particle  sizes  in  submicron  range. 

Amorphous  RuCEaTEO  is  an  ideal  electrode  material  for 
a  pseudocapacitor  with  a  specific  capacitance  of  720  Fg-1. 
However,  RuCEaTEO  is  very  expensive.  Efforts  are  being 
made  to  find  a  suitable  material  to  replace  RuC>2.  V2O5 
seems  to  be  a  viable  electrode  material  for  a  pseudocapacitor 
because  of  its  low  cost  and  vanadium  exists  in  different  oxida¬ 
tion  states.  Very  few  investigations  were  performed  on  V2O5 
as  an  electrode  material  for  a  pseudocapacitor  [11-13],  Lee  et 
al.  prepared  V2O5  by  quenching  V2O5  fine  powders  at  950  °C 
into  a  bath  of  deionized  water  [11].  They  studied  this  elec¬ 
trode  material  in  an  aqueous  KC1  electrolyte.  The  material 
showed  an  ideal  capacitance  curve  under  cyclic  voltammetric 
conditions.  They  reported  a  specific  capacitance  of  346  F  g-1 
at  a  pH  of  2.32  and  studied  only  up  to  lOOcharge/discharge 
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Fig.  1 .  Schematic  representation  of  V2O5  powder  synthesis. 


cycles.  Kudo  et  al.  synthesized  a  V2O5  sol  by  reacting  metal¬ 
lic  vanadium  with  30%  H2O2  [13].  They  studied  V2O5  and 
carbon  composite  electrodes  in  non-aqueous  electrolytes. 
This  material  did  not  show  ideal  capacitance  and  the  authors 
did  not  mention  the  specific  capacitance  (F  g_  1 )  in  their  paper. 
In  this  paper  we  report  highly  porous  layered  V2O5  as  an 
electrode  material  for  ECs  in  different  neutral  electrolytes. 


2.  Experimental 

An  aqueous  solution  of  sodium  meta  vanadate  (NaVCb) 
was  passed  through  a  cation  exchange  resin.  The  resin  used 
was  Amberlite  IR  120  plus  (Alfa).  The  resin  was  in  sodium 
form  which  was  converted  to  the  H+  form  by  elutriating  with 
dilute  hydrochloric  acid.  A  pale  yellow  color  vanadic  acid  was 
collected  in  a  beaker  after  passing  aqueous  NaVC>3  through 
the  acidic  form  of  the  resin.  The  pale  yellow  solution  was 
heated  to  produce  orange  colored  vanadium  oxide  powders.  A 
schematic  representation  of  V2O5  powder  synthesis  is  shown 
in  Fig.  1. 


3.1.  Electrode  preparation  and  electrochemical 
characterization 

Prepared  powders  were  mixed  with  25  wt.%  of  acetylene 
black  and  5  wt.%  of  PTFE  binder.  The  mixture  was  mixed 
using  mortar  and  pestle  and  pressed  to  make  thin  sheets.  The 
sheets  were  rolled  to  get  approximate  thickness  of  100  pun. 
The  electrode  material  was  pressed  on  to  titanium  mesh  by 
means  of  roller.  The  weight  of  the  electrode  material  in 
every  experiment  was  approximately  10  mg.  Cyclic  voltam¬ 
metry  (CV)  was  conducted  using  an  EG&G  potentiostat  and 
galvanostat  273A  employing  a  three  electrode  experimental 
setup.  Platinum  mesh  and  saturated  calomel  electrode  were 
used  as  the  counter  and  reference  electrodes  respectively.  The 
electrolytes  used  in  this  study  were  NaCl,  KC1,  LiCl  and  with 
varying  concentration.  A  voltage  range  of  —0.2  to  0.7  V  and 
varying  scan  rate  were  employed.  Specific  capacitance  (F/g) 
is  calculated  as  the  average  anodic  current  (—0.1  to  0.7  V) 
divided  by  the  scan  rate  and  is  normalized  to  1  g  of  active 
material. 


4.  Results  and  discussion 

Fig.  2  shows  the  XRD  pattern  of  V2O5  powders.  The  pat¬ 
tern  shows  one  dimensional  layered  type  structure  evident 
by  intensity  peaks  at  regular  intervals.  This  type  of  struc¬ 
ture  was  observed  by  Fluguenin  et  al.  in  their  preparation 
of  V2O5  from  vanadyl  tris(isopropoxide)  and  water  using 
sol-gel  method  [14].  Fig.  3  shows  TGA  curves  of  V2O5  pow¬ 
ders  in  the  temperature  range  of  30-800  °C,  which  depict 
typical  water  loss  behavior.  The  TGA  curve  showed  a  total 
weight  loss  of  16%  in  the  given  temperature  range.  Water 
loss  of  around  1 1%  was  observed  until  200  °C  and  no  phase 
transition  was  observed  until  the  melting  point  (614  °C). 
Fig.  4  shows  an  SEM  micrograph  of  V2O5  powders.  A  highly 
porous  nano  size  honey  comb  structure  with  an  average  pore 
size  of  400  nm  and  wall  thickness  of  150  nm  can  be  observed 
from  the  micrograph.  This  kind  of  morphology  is  preferred 


3.  Characterization 

V2O5  powders  were  characterized  using  X-ray  diffrac- 
tometry  (XRD),  scanning  electron  microscopy  (SEM), 
energy  dispersive  spectroscopy  (EDS)  and  thermogravimet- 
ric  analysis  (TGA).  XRD  was  performed  using  a  Philips 
PW3830  model.  Particle  size  and  morphology  were  analyzed 
using  the  Philip  XL30  scanning  electron  microscope.  TGA 
was  performed  using  Perkin-Elmer  Pyris  Diamond  with  a 
temperature  increment  of  10  °C  mirr  1  under  ambient  condi¬ 
tions.  The  TGA  was  used  to  find  the  amount  of  water  present 
and  also  study  the  structural  transformations  of  V2O5.  Sur¬ 
face  area  was  determined  by  Brunauer-Emmet-Teller  (BET) 
method  using  NOVA  1200  from  Quanta  Chrome.  Initially, 
the  sample  was  vacuum  degassed  for  several  hours  at  120  °C 
under  the  flow  of  nitrogen  before  the  BET  measurement. 
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Fig.  2.  XRD  pattern  of  V2O5  powders. 
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Temperature°C 

Fig.  3.  Thermogravimetric  curve  of  V2O5  powders. 

in  charge  storage  because  of  high  interaction  of  the  electrode 
with  the  electrolyte.  Energy  dispersive  spectrographs  showed 
a  small  amount  of  sodium  apart  from  vanadium  and  oxygen. 
A  surface  area  of  7  m2  g_1  was  observed  from  multi  point 
BET  measurement. 

4.1.  Electrochemical  characterization 

4.1.1.  Effect  of  electrolytes 

Fig.  5  shows  cyclic  voltammetric  curves  of  V2O5  in  2M 
KC1  at  different  scan  rates.  At  low  scan  rates  (5  mV  s_1),  the 
CV  curve  shows  the  near  ideal  rectangular  shape  which  indi¬ 
cates  that  charging  and  discharging  took  place  at  a  constant 
rate  over  the  applied  voltage  range  [2],  The  small  peak  on 
anodic  and  cathodic  sweeps  indicates  insertion  and  deinser¬ 
tion  of  active  K+  ions  respectively.  A  specific  capacitance 
of  214  Fg“  1  was  obtained  for  V2O5  powders  at  5  mV  s  1 
scan  rate.  Fig.  6  shows  cyclic  voltammetric  curves  of  V2O5 
in  2M  KC1,  2M  NaCl  and  2M  LiCl  at  5  mV  s-1  scan  rate. 
The  highest  capacitance  was  observed  in  2  M  KC1  solution. 
It  is  interesting  to  note  that  V2O5  yielded  a  similar  specific 
capacitance  of  1 14  and  122  F  g_  1  in  2  M  NaCl  and  2  M  LiCl 


Fig.  5.  CV  curves  of  V2O5  in  2M  KC1  electrolyte  at  20mVs  1  (•••), 
10mVs-1  ( — ).  5mVs_1  ( - ),  2mVs_1  ( — )  scan  rates. 


Voltage  (V  vs  SCE) 


Fig.  6.  CV  curves  of  V205  in  2  M  KC1  (-  -  -),  2  M  LiCl  (— ),  2  M  NaCl  (■  •  •) 
electrolyte  at  5  mV  s~  scan  rate. 

electrolytes  respectively,  despite  the  difference  in  the  size  of 
the  sphere  of  hydration  of  Na+  and  Li+  ions. 

The  dependence  of  voltammetric  charge  of  V2O5  in  2M 
KC1  solution  on  the  scan  rate  can  be  understood  by  the  slow 
diffusion  of  K+  ions  into  the  pores  of  V2O5  [15,16].  At  high 
scan  rates,  diffusion  limits  movement  of  K+  ions  due  to  time 
constraints  and  only  the  outer  active  surface  is  utilized  for  the 
charge  storage.  While  at  lower  scan  rates  all  the  active  surface 
area  can  be  utilized  for  charge  storage.  Variation  of  capac¬ 
itance  with  scan  rate  and  effective  series  resistance  due  to 
electrolyte  resistance,  electrode  resistance  and  contact  resis¬ 
tance  can  be  understood  from  the  following  RC  circuit.  Here 
capacitance  of  V2O5  is  assumed  to  be  constant  with  the  volt¬ 
age. 


R 


V  =  kt 


Fig.  4.  SEM  image  of  V2O5  powders. 
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Fig.  7.  CV  curves  of  V205  in  2  M  KC1  (-  -  -).  1  M  KC1  (— )  at  5  mV  s”1  scan 
rate. 


Voltage  (  V  vs  SCE) 

Fig.  8.  CV  curves  of  V2O5  in  2M  KC1  at  1st  cycle  ( — ),  100th  cycle  ( — ) 
at  5  mV  s~ 1  scan  rate. 


The  voltage  balance  is  given  by 
V=VR+VC  (1) 


where  V  is  the  voltage  of  the  source,  Vr  the  voltage  of 
effective  resistance  comprising  of  resistance  of  electrode, 
electrolyte  and  contact  resistance  and  Vc  the  voltage  of  the 
capacitor. 

Solving  the  RC  circuit  with  voltage  input  as  potential 
sweep  (cyclic  voltammetry)  with  scan  rate,  k  leads  to  the 
following  equation  [17]: 


i  —  kC 


.‘-expGs) 


(2) 


where  i  is  the  current  generated.  It  is  clear  that  the  nature 
of  the  current  in  the  cyclic  voltagram  is  dependent  on  the 
time  (scan  rate)  and  resistance.  At  longer  times  or  at  a  lower 
effective  resistance,  Eq.  (2)  will  become 


i  =  kC 


(3) 


In  the  case  of  cyclic  voltammetry,  Eq.  (3)  indicates  that 
current  will  look  like  a  rectangle,  which  is  considered  to  be 
an  ideal  characteristic  of  a  capacitor,  when  time  t  is  large 
or  effective  resistance  is  low.  In  Fig.  5,  V2O5  shows  ideal 
behavior  at  the  5  mV  s-1  scan  rate  when  compared  to  the 
20  mV  s“ 1  scan  rate  because  the  former  scan  rate  is  four  times 
longer.  Fig.  7  shows  effect  of  concentration  of  KC1  on  the 
specific  capacitance  of  V2O5  at  5  mV  s“ 1  scan  rate.  As  can  be 
seen,  the  figure  V2O5  showed  the  ideal  capacitor  curve  in  2  M 
KC1  while  in  1  M  KC1  it  is  non-capacitative  in  nature.  This 
can  be  understood  from  Eq.  (1),  since  a  lower  concentration 
of  KC1  has  a  higher  electrolyte  resistance  when  compared  to 
2  M  KC1.  Higher  resistance  associated  with  1  M  KC1  results 
in  non-ideal  capacitative  behavior  at  the  5  mV  s-1  scan  rate. 
Interestingly,  at  low  scan  rates  (2  mV  s_1)  both  electrolytes 
(1  M  and  2M)  yielded  the  same  capacitance.  It  clearly 
shows  that  at  lower  scan  rates,  scan  rate  plays  the  dominant 
role. 


4.1.2.  Effect  of  cycling 

Fig.  8  shows  the  effect  of  cycling  on  V2O5  in  2M  KC1 
solution  at  5  mV  s“ 1  scan  rate.  Specific  capacitance  faded 
quickly  over  100  cycles.  Fading  may  be  due  to  stress  intro¬ 
duced  into  the  structure  due  to  the  insertion  and  deinsertion 
of  K+  ions.  Similar  observations  were  made  in  our  previous 
study  on  MnCF  [2]  and  we  were  able  to  circumvent  capaci¬ 
tance  fading  by  doping  MnCF  with  Co  [  1 8]  and  by  preparing  it 
in  a  stabilized  form  [3].  V2O5  structure  needs  to  be  stabilized 
for  cyclic  stability.  Table  1  shows  the  specific  capacitance  of 
V2O5  compared  with  previously  studied  MnCF  and  litera¬ 
ture  V2O5  electrode  materials.  A  lower  specific  capacitance 
of  the  present  V2O5  when  compared  to  the  literature  may 
be  due  to  the  difference  in  the  preparation  conditions  and 
the  physical  nature  of  the  material  (amorphous/cryatlline). 
One  important  issue  to  notice  in  this  study  is  the  prepara¬ 
tion  of  the  novel  nano  porous  honeycomb  type  structure. 
These  types  of  structures  are  highly  preferred  in  energy 
storage  applications.  Deeper  understanding  of  preparation 
conditions  and  optimizing  can  lead  to  new  porous  materials 
which  can  be  an  excellent  candidate  for  an  electrochemi¬ 
cal  capacitor.  The  study  of  the  relation  between  preparation 
conditions  and  the  morphology  of  V2O5  powers  are  under 
way. 


Table  1 


Comparison  of  specific  capacitance  of  V2O5  with  previously  studied  MnC>2 
and  V2O5  from  literature  at  the  scan  rate  of  5  mV  s-1 


Electrode  material 

Electrolyte 

Specific 

capacitance  (Fg-1) 

Reference 

v2o5 

2MKC1 

214 

Present  study 

v2o5 

2MKC1 

364 

[in 

Mn02 

2  M  Nacl 

130 

[2] 

Stabilized  Mn02 

2  M  NaCl 

110 

[3] 

Co  stabilized  MnC>2 

1  M  NaCl 

110 

[18] 
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5.  Conclusions 

A  nano  porous  layer  structured  V2O5  was  prepared  using 
sol-gel  method.  V2O5  showed  the  highest  capacitance  in  2  M 
KC1  electrolyte  when  compared  to  other  electrolytes  such 
as  NaCl  and  LiCl.  It  yielded  maximum  specific  capacitance 
of  214  Fg-1  in  2M  KC1  electrolyte.  Concentration  of 
KC1  showed  strong  dependence  on  specific  capacitance  at 
higher  scan  rates.  Fading  of  capacitance  was  observed  after 
over  100  cycles.  Fading  may  be  due  to  change  in  V2O5 
structure  resulted  during  the  insertion  and  deinsertion  of  K+ 
ions. 
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